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Abstract

The tetraheme cytochrome csg4 (Cyt C554) from Nitrosomonas europaea is believed to function as an
electron-transfer protein from hydroxylamine oxidoreductase (HAQ). We show here that cyt gy
also has significant NO reductase activity. The protein contains one high-spin and three low-spin c-
type hemes. HAO catalyzed reduction of the cyt cgs4, ligand binding, intermolecular electron transfer,
and kinetics of NO reduction by cyt cs54 have been investigated. We detect the formation of a NO-
bound ferrous heme species in cyt css4 by EPR and Mdssbauer spectroscopies during the HAO
catalyzed oxidation of hydroxylamine, indicating that N-oxide intermediates produced from HAO
readily bind to cyt csg4. In the half-reduced state of cyt cs54, We detect a spin interaction between the
[FeNOQ]’ state of heme 2 and the low-spin ferric state of heme 4. We find that ferrous cyt csgs will
reduce NO at a rate greater than 16 s1, which is comparable to rates of other known NO reductases.
Carbon monoxide or nitrite are shown not to bind to the reduced protein, and previous results indicate
the reactions with O are slow and that a variety of ligands will not bind in the oxidized state. Thus,
the enzymatic site is highly selective for NO. The NO reductase activity of cyt cs54 may be important
during ammonia oxidation in N. europaea at low oxygen concentrations to detoxify NO produced
by reduction of nitrite or incomplete oxidation of hydroxylamine.

Introduction

The chemoautotrophic soil bacterium, Nitrosomonas europaea, derives energy for growth from
the oxidation of ammonia to nitrite. NO is produced by Nitrosomonas by a periplasmic copper-
containing nitrite reductase, using nitrite as a terminal electron acceptor under limiting oxygen
conditions.12 However, the production of NO (and then N,O) during oxidation of ammonia
to nitrite under low [O5] in N. europaea has been found to occur in the absence of a functional
NirK gene, indicating that enzyme(s) other than nitrite reductase also produce NO. The
presence of excess NO induces denitrification in nitrifying bacteria.*"8 Recent studies have
shown that free NO acts as a signaling molecule in regulating the growth pattern and metabolic
activity of N. europaea.® The presence of excess nitritel® and NO*1 has been found to be toxic
to Nitrosomonas. A gene, NorB coding for a membrane cytochrome cbbz NO-reductase is
found in the genome of Nitrosomonas.1? Genetic removal of the NorB gene has been shown
to strongly diminish the conversion of nitrite to NO and then N»O in cells of Nitrosomonas
indicating an important role for the membrane cytochrome cbbs NO-reductase.13 There are,
however, indications that some other catalyst for reduction of NO to NoO might exist; N,O
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production and resistance to NO toxicity continues in the NorB mutant.13:14 The NO reductase
activity of cytochrome css4, Shown here, may be a candidate for providing at least a low flux
of NO reduction to counter NO toxicity.

Cyt cs54 is @ monomeric protein (26 kDa) found in the periplasm with an R-helical structure
containing four c-type hemes covalently bound via two cysteine thioether linkages in the —C—
X-Y-C-H- sequence.1® The crystal structure of cyt css4 shows that hemes 1, 3, and 4 have
bis-His axial coordination. Heme 2 is five coordinate with one axial His ligand.16:17 The four
hemes in cyt 554 are present in two diheme pairs (hemes 2/4, hemes 1/3). Similar heme packing
motifs have been observed in a family multiheme proteins, which includes hydroxylamine
oxidoreductase (HAO),8 cytochrome c nitrite reductase (NiR),1%:20 fumarate reductase,
21723 NapB, 24 diheme cytochrome ¢:25 and the split-Soret cytochrome.26 Only HAO and NiR
have significant conservation of primary sequence.?’

Cyt cs54 can act as the physiological electron acceptor of the enzyme HAO.28-30 Electrons
from cyt c554 are thought to pass through a membrane-anchored tetraheme cytochrome
Cmss2 to ubiquinone and then to ammonia monooxygenase (AMO) and the respiratory pathway
leading to ATP synthesis.3! In keeping with key roles in the energy-yielding reactions of
Nitrosomonas, the cellular concentrations of AMO, HAO, cyt cs54, and cytochrome aas are
within the same order of magnitude.3°

The structural arrangement of heme 2 and heme 4 in cyt cs54 aligns with that of the active site
heme pairs in the enzymes HAO and NiR (each containing one 5-coordinate heme). However,
the structure of oxidized and reduced cyt css4 show that, unlike HAO and NiR, the sixth
coordination site of the five coordinate heme 2 in cyt Csg4 is tightly shielded by three
hydrophobic amino acid residues (T154, P155, F156). Consistent with this aspect of the
structure, cyt css4 does not bind the common heme ligands CN~ and CO.32 Therefore, while
a possible enzymatic role for cyt cs54 in ammonia metabolism has been speculated, until now,
there was no evidence in support.

We demonstrate here the formation and characterization of a NO bound complex with heme
2 of cyt cgs4. The presence of NO is shown to result in fast oxidation of the fully ferrous protein,
and in multiple turnover reactions, the NO oxidation of the protein is observed to be catalytic.
The kinetics of NO reduction by cyt css4, and intermolecular electron transfer in cyt css4 have
been measured. Thus, Cyt cs554 may account for the some of the unidentified NO reductase
activity in Nitrosomonas.

Materials and Methods

Purification of the Protein

Growth and >Fe enrichment of Nitrosomonas europaea and purification of cyt css4 and HAO
were as described previously.32:33 All experiments were carried out in 50 mM potassium
phosphate buffer pH 7.0, unless otherwise noted. The concentration of cyt c554 was determined
spectrophotometrically with ess4 = 24.6 mM~1 cm™ per heme.34 All chemicals were reagent
grade or better. Doubly distilled or Millipore super Q water was used throughout.

Preparation of the Reduced Samples

HAO-mediated reduction of cyt css4 by hydroxylamine (hydroxylamine/HAO reduced cyt
Css4) OF hydrazine (hydrazine/HAO reduced cyt css4) was accomplished with 5-fold excess of
substrate (Sigma) in the presence of a catalytic amount (5% molar ratio) of HAO. The protein
solutions were incubated for 10 min at room temperature before freezing in liquid nitrogen.
The electrochemically half-reduced samples (=50 mV poised) were prepared as reported
previously.32 Reduction with sodium dithionite (Sigma) was done with thoroughly degassed
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protein samples under argon by adding the required amount of sodium dithionite. The sodium
dithionite solution was standardized with methyl viologen (579 = 9000 M~ cm ™),
Photoreduced samples were prepared under argon with 10% riboflavin (vs protein
concentration) and 5-fold excess of EDTA by illuminating the sample for 2 h with a projector
lamp.3® During illumination, the sample holder was in a chilled water bath in a Pyrex beaker.

Preparation of NO Treated Samples

NO gas (Matheson) was passed through water, followed by a solid KOH column to remove
trace amounts of acidic N-oxide impurities. The samples were degassed thoroughly ina Schlenk
line under argon in septa sealed vials. Measured volumes of NO gas were then bubbled through
the degassed protein solutions, using a gastight syringe (Hamilton), followed by inversion of
the vial a few times to mix. The protein sample was then transferred, with a gastight syringe,
to an EPR tube or Mésshauer cup under argon, and frozen in liquid nitrogen within five minutes
of NO addition. For optical experiments, the protein samples (50 mM KPi, pH 7.0) were
degassed in septa sealed cuvettes using a Schlenk line under argon, and reduced with sodium
dithionite. A measured volume of NO gas was then bubbled through the cuvette using a gastight
syringe, and spectra were recorded immediately.

Preparation of the CO Treated Samples

CO gas (Sigma) was passed through degassed water and then bubbled through the protein
solutions for 20 min. To establish that the solution contained CO, a myoglobin (Sigma) solution
was prepared under similar conditions and checked optically for binding of CO.

Kinetic Measurement of NO Reduction

The kinetic parameters for single turnover were determined by monitoring the rate of oxidation
of a fully reduced cyt css4 sample in the presence of NO. A 1.85 uM sample of cyt c554 in an
optical cell was titrated with dithionite to the fully reduced state with minimal dithionite in
solution. The reaction was initiated with by injection of 100 uL of NO saturated solution (~2
mM at 20 °C)3% to give a final concentration of approximately 125 M NO. All solutions were
degassed thoroughly under argon.

EPR and Mdssbauer Spectroscopy

X-band EPR spectra were recorded on a Bruker 300 spectrometer equipped with an Oxford
ESR-910 liquid helium cryostat and a Bruker bimodal cavity. The quantification of all signals
was relative to a CUEDTA spin standard. The spectra were obtained with a field modulation
of 1 mTp, at 100 kHz. The magnetic field was calibrated with an NMR gaussmeter and the
microwave frequency was measured with a counter. The Q-band spectra were recorded on a
Bruker 200 spectrometer with a home-built microwave probe and cryostat.3” Mésshauer
spectra were obtained on a constant acceleration instrument and isomer shifts are reported with
respect to an iron metal standard. All displayed spectra were recorded on ®’Fe enriched protein.

The EPR simulation software was written by the authors. The program diagonalizes the spin
Hamiltonian

HS:JSI -SH+S - D’ - S,+dS; X Sz+BB < g SH—BB 189 ¢ S, (1)

where J is the isotropic exchange coupling between two heme centers, D' is a symmetric
traceless tensor, d is a polar vector of the antisymmetric contribution, and g1, g, are the intrinsic
g-tensors of two interacting hemes. The simulations are generated with consideration of all
intensity factors, which allows computation of simulated spectra for a specified sample
concentration. The simulations therefore allow a quantitative determination of protein signal
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intensities. The Windows software package (SpinCount) is available for general application to
any mono- or dinuclear metal complex by contacting Prof. Hendrich.

Mdssbauer Spectroscopy

We have shown previously that two of the hemes (heme 1 and 2) of cyt cg54 can be reduced
with the substrates of HAO (hydrazine or hydroxylamine) in the presence of catalytic amounts
(5%) of HAO.32 Cyt cs54 does not react directly with these substrates. As mentioned briefly
in our previous work, the spectroscopic properties of cyt csg4 reduced by HAO in the presence
of NH,OH as opposed to NoH, are quite different, and are not attributable to an altered redox
state. Low temperature (4.2 K) Mdssbauer spectra, in the absence of an applied magnetic field,
of the hydrazine/HAO and hydroxylamine/HAO reduced samples are shown in Figure 1A and
B, respectively. The hydrazine reduced spectrum shows paramagnetic hyperfine features from
the two low-spin (S = 1/2) ferric hemes (hemes 3 and 4), and two diamagnetic doublets from
high-spin (S = 2) ferrous heme 2 (l1g) and low-spin (S = 0) ferrous heme 1 (Ig). The solid line
overlaid on the spectrum is a fit to the diamagnetic ferrous doublets of heme 1 (Ig) and heme
2 (llg) with =0.42 mm/s, AEq = 1.3 mm/s and 6 = 0.98 mm/s, AEq = 2.2 mm/s, respectively,
each accounting for 25% of the total iron. The hydroxylamine/HAO reduced spectrum (Figure
1B) shows paramagnetic hyperfine features similar to the hydrazine/HAQ spectrum, however,
the intensity of the diamagnetic doublets has changed. The intensity of the high-spin ferrous
doublet (11g) has dropped to 50% of the hydrazine/HAO reduced sample, with the appearance
of a new diamagnetic doublet (X). The new doublet X is apparent in the difference spectrum
hydroxylamine/HAO minus hydrazine/HAO (Figure 1C). The theoretical curve overlaid on
the difference spectrum is a fit with 6 = 0.23 mm/s, AEq = 1.53 mm/s, accounting for 12% of
the total iron. The positive peaks in the subtraction are due to the decrease in the intensity of
the doublet associated with the high-spin ferrous heme. The solid line overlaid in Figure 1B is
atheoretical curve which shows the effect of loss of 50% of the high-spin heme and the addition
of species X.

The Mossbauer parameters of species X are close to those previously reported for ferrous heme-
NO [FeNO]’ protein species,38™41 and differ significantly from those of known ferric heme-
NO [FeNO]® protein species.*? Heme [FeNO]” complexes have spin S = 1/2 and display
paramagnetic Mdssbauer spectra, but species X we observe displays a quadrupole doublet. As
we shall demonstrate from the EPR data below, the (heme 2)-NO [FeNO]’ complex is spin-
coupled to low-spin (S = 1/2) ferric heme 4. The (heme 2)NO complex is S = 1/2, but the spin-
coupling to heme 4 results in fast spin relaxation and low spin expectation, and thus the
spectrum shows a quadrupole doublet.

To test for binding of NO or CO to the high-spin heme 2 center, Mdssbauer samples of fully
reduced cyt cg54 Were treated with excess of NO or CO gas. The high temperature (150 K)
Massbauer spectrum (not shown) of reduced cyt cgg4 prior to addition was the same as reported
previously.3* Upon addition of NO, the spectrum showed a minor (10%) drop in the intensity
of the high-spin ferrous doublet (l11g) without a significant change in the other doublets. Upon
addition of CO, the spectrum showed no change in any of the doublets. Thus, NO and CO did
not appear to bind in significant amount to the fully reduced protein. However, as we will show
below, NO does specifically react with the high-spin ferrous heme 2 center in the fully reduced
state of the protein, forming an transient NO bound species that is detectable under limiting
reductant conditions.
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EPR Spectroscopy of Substrate/HAO Reduced cyt Cggq

X- and Q-band EPR spectra of substrate/HAO reduced cyt css4 Samples are shown in Figure
2 and Figure 3. For both figures, the experimental spectra (solid lines) of the hydrazine/HAO
reduced samples are shown in A, and hydroxylamine/HAO reduced samples in C, and the
dashed lines are quantitative simulations. The sharp signal near g = 2.07 (Figure 2A) is from
a Cu?* impurity (<3%). The small signals near g = 3.01 and 2.3 are from the catalytic amount
of HAO in the samples. The sharp six line signal near g = 2.0 (Figure 3A) is from a MnZ*
impurity (<1%). The hydrazine/HAO reduced samples show signals at g = 3.24, 2.06, and 1.10
from heme 3, and a broad shoulder at gmax = 3.6 from heme 4. Figure 2B and Figure 3B show
quantitative simulations for these signals using the same g-values. The hydroxylamine/HAO
reduced samples (Figure 2C and Figure 3C) show the signal from heme 3 at g = 3.24, however,
the signal from heme 4 at g = 3.6 is absent, and new signals appears at g = 2.4, 1.73, 1.46 (X-
band) and g = 2.15, 1.85 (Q-band). The sharp signal at g = 2.0 is a five coordinate [FeNO]’
species accounting for less than 5% of a heme. The addition of more hydroxylamine to the
samples did not change the spectra. The hydrazine/HAO and hydroxylamine/HAO reduced
samples did not show signals in parallel mode. Samples of hydroxylamine/HAO reduced cyt
Css4 prepared under anaerobic conditions gave the same signals, thus the appearance of the
new signals do not depend on oxygen.

The dashed lines in Figure 2D and Figure 3D are quantitative simulations of the heme 3 signals,
which match the corresponding signals in the hydrazine/HAO reduced samples, indicating
heme 1 is reduced and heme 3 is oxidized in both the samples, and consequently, no spin
interaction between heme 1 (S = 0) and heme 3 (S = 1/2). This is consistent with the above
result from Mdssbauer spectroscopy. The new signals at g = 2.4, 1.73, 1.46 (X-band) and 2.15,
1.85 (Q-band) from the hydroxylamine/ HAO reduced samples show frequency dependent
shifts, which suggest a spin-coupled system.

The Mdssbauer data on the hydroxylamine/HAO reduced sample indicates the presence of a
new quadrupole doublet (X) with parameters similar to those reported for ferrous-NO heme
complexes [FeNO]’, with relative abundance equivalent to 50% of a heme in the protein. An
[FeNO]” heme species is paramagnetic with one unpaired electron (S = 1/2). Consistent with
these observations, the dashed lines in Figure 2E and Figure 3E are quantitative simulations
obtained for the two interacting low-spin hemes (S1 = 1/2, S, = 1/2), for X- and Q-band
frequencies, using the same set of parameters and for 0.5 equiv. of a heme (per protein). The
two g-tensors of the simulations are g; = (2.12, 2.07, 1.92) and g, = (3.59, 2.1, 0.61), with an
antiferromagnetic coupling tensor between the two spin centers of J = (0.49, 0.45, 0.37)
cm1. The two g-tensors are rotated with respect to each other by a set of Euler angles (a, 3,
y) = (45, 180, 135). The z-axes of the two g-tensors are antiparallel, and the x-axis of g, is along
the y-axis of g, and visa-versa for the other axes. This choice of angles is loosely based on the
crystal structure, since the orientation of the g-tensor with respect to the heme-NO coordinates
is not known. The three g-values in the g; tensor are similar to those reported for a NO bound
low-spin ferrous hemes, [Fe-NO]’ species.3941:43 Thus, the EPR data of the hydroxylamine/
HAO reduced sample also indicates NO binding to 50% of the high-spin ferrous heme 2 in the
half-reduced state of the protein. This is the first report of a low-spin ferrous heme-nitrosyl
[Fe-NO7] species interacting with a low-spin ferric heme.

NO Addition to Half-Reduced cyt cgg4

A sample of cyt cgs4 Was electrochemically poised at =50 mV to reduce the two hemes with
midpoint potential of +47 mV, and then titrated with NO gas. Figure 4A shows the
perpendicular mode X-band EPR spectrum of the =50 mV reduced sample. The sample shows
no parallel mode signal in this state. The spectrum of Figure 4A is similar to that of the
hydrazine/HAO reduced samples, with signals at g = 3.24 and 2.2 from heme 3, and a broad
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Omax = 3.6 signal from heme 4. The sharp signal at g = 2.0 is from the mediator used for the
electrochemical reduction. The weak signal at g = 6 is from a ferric high-spin minority species
(<5%) presumably from denatured protein. Upon addition of approximately 1 equiv. of NO
(Vs cyt cs54) (Figure 4B), the gmax = 3.6 signal from heme 4 of the protein disappears, and a
new signals appears at g = 2.4, 1.7, and 1.5, like those observed in the hydroxylamine/HAO
reduced spectrum. Thus, NO addition produces the same state of the protein in which heme 3
and heme 4 are oxidized, heme 1 and heme 2 are reduced, and NO is bound to heme 2. This
confirms that the g = 2.4 signal observed in the hydroxylamine/HAQ reduced cyt ¢4 Spectrum
originates from binding of NO to heme 2.

In the absence of excess NO, this state of the protein is stable against further oxidation. The
addition of another equivalent of NO to the above sample causes more than 90% loss of the
g = 3.24 signal from heme 3, with the appearance of signals at g = 2.7 and 3.9 (Figure 4C).
The signals at g = 2.7 and 3.9 are both from the fully oxidized state of cyt c554; the g = 2.7
signal is from the heme 1/3 pair, and the g = 3.9 signal is from the heme 2/4 pair.32 The
intensities of these signals in comparison to oxidized cyt css4 indicates that heme 1 is now
nearly fully oxidized (>90%), whereas only a small amount of heme 2 is oxidized (<10%).
Concomitant with the oxidation of heme 1 (and loss of the g = 3.24 signal), the g = 2.4 signal
shifts to g = 2.3. We do not yet understand the origin of the shift, but it appears to be associated
with a protein conformational change when heme 1 is oxidized. Such a shift could be attributed
to a rotation of one of the axial His ligands on heme 2 or 4. The addition of NO to a
hydroxylamine/HAO reduced sample also was found to show a signal similar to that Figure
4C. The sharp signal at g = 1.98 is from excess NO in solution. The stronger signal atg =2 is
from a minority (<5%) species of 5-coordinate heme [FeNO]’, from binding of NO to the
reduced high-spin impurity. Thus, in the presence of excess NO and limiting reductant, cyt
Css4 equilibrates to a state in which hemes 1, 3, and 4 are oxidized, and heme 2 is bound with
NO as [FeNO].”

Hydroxylamine Titration

HAOQ catalyzed oxidation of hydroxylamine to nitrite is known to produce NO or HNO as a
byproduct.3:44 Clearly, the FeNO species observed in cyt css4 in the presence of HAO and
hydroxylamine is due to this byproduct. Presumably, the production of NO or HNO is due to
a rate-limited flow of electrons out of HAO. To investigate the transfer and reduction of NO,
two samples were titrated with hydroxylamine containing protein ratios [HAO]/[cyt Cs54] equal
to 0.05 and 1.0, under argon atmosphere.

Figure 5A shows the perpendicular (solid line) and parallel mode (dashed line) EPR spectra
recorded on a 0.5 mM cyt c554 Sample in the presence of 25 uM (5%) HAO, before addition
of hydroxylamine. This sample was titrated with hydroxylamine up to 1.2 equivalents per cyt
Css4. The full titration data set is shown in Supporting Information Figure S1. Figure 5B shows
the spectrum recorded after addition of 0.8 equivalents of hydroxylamine. Less than 10% of
the fully oxidized protein is present, based on the signals at g = 3.9 and 7.2. Generation of the
NO bound signal at g = 2.4 is observable in samples containing 0.6 equiv. and higher of
hydroxylamine. The g = 2 signal is from a minority 5-coordinate heme [FeNO]’ species
(<10%), similar to that observed in Figure 4, which is sample preparation dependent.

An EPR spectrum for the titration of a 1:1 mixture of (both 0.8 mM) cyt cs54 and HAO prior
to the addition of hydroxylamine is shown in Figure 5C. The spectrum show signals from both
oxidized cyt cs54 (g = 3.9, 7.2) and HAO (other signals).*® The parallel mode EPR signal from
HAO is significantly weaker and hidden under the cyt css4 parallel mode signal. This sample
was titrated with hydroxylamine up to 12.5 equivalents per cyt css4. The full titration data set
is shown in Supporting Information Figure S2. Figure 5D shows the spectrum recorded after
addition of 12.5 equivalents of hydroxylamine. The oxidized signals from cyt cs54 at g = 3.9
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(solid line) and 7.2 (dashed line) are absent for this sample, indicating reduction of cyt Css54
hemes 1 and 2. For HAO, and consistent with previous results, hydroxylamine causes reduction
of the +285 mV heme (sharpening of the g = 3.1 feature), and 50% loss of the 0 mV heme
signals (g = 3.4, 2.8, 1.84, 1.67).4546 Figure 5E shows a difference spectrum of D minus a
spectrum of hydroxylamine reduced HAO (see Figure S2). The difference spectrum shows the
NO bound signal at g = 2.4. Unlike the previous titration with 5% HAO where the cyt cs54 NO
species is observed with 0.6 equivalents of hydroxylamine, for the 1:1 titration, a cyt css4 NO
species is only observed with more than 10 equivalents of hydroxylamine. The difference
spectra for all the titration data (see Figure S3) show that the cyt c554 NO species is not present
in the samples with lesser amounts of hydroxylamine. The signal at g = 4.1 is from an
[FeNO]’ impurity species (<3%).

Optical Spectroscopy of Ligand Binding to Reduced cyt c554

Optical spectra showing the NO addition to the half-reduced and fully reduced cyt c554 are
given in Figure 6A and B, respectively. The spectrum of fully oxidized cyt c554 (solid line)
shows a broad Soret band from the high-spin and low-spin hemes at 407 nm, and a band at 530
nm from the low-spin hemes.3* Upon half-reduction of the protein with hydrazine in the
presence of 5% of HAO (dotted line, Figure 6A), the intensity of the oxidized heme signal at
407 nm drops, and new peaks appear at 420, 524, 554 nm, with a broad shoulder near 430 nm
from high-spin ferrous heme 2. The addition of excess NO to the half-reduced protein (dashed
line, Figure 6A) caused immediate loss of intensity of the ferrous low-spin heme bands at 420,
554, and 524 nm, indicating oxidation of the low-spin heme 1 center. The high-spin ferrous
band at 430 nm disappears, and the Soret maximum shifts to 412 nm, indicating formation of
a six coordinate ferrous heme-nitrosyl complex.4”-51 The optical spectrum of the half-reduced
cyt cs54 With NO is therefore consistent with the other spectroscopic data, indicating binding
of NO to ferrous high-spin heme 2. The addition of excess NO to the fully oxidized protein
(not shown) resulted in no change in the optical spectrum, indicating that cyt css4 does not
bind NO in the oxidized state. The addition of excess CO or NO,™ under argon atmosphere to
the half-reduced protein also showed no change (not shown), indicating that cyt c554 does not
bind CO or NO,™.

Figure 6B shows optical spectra for NO addition to the fully reduced cyt css4. The broad
shoulder near 430 nm in the reduced spectrum is from high-spin ferrous heme 2, and is similar
to that observed in the half-reduced sample. Treatment of the fully reduced protein with NO
gas again shows a drop in the intensity of the ferrous high-spin heme band near 430 nm,
indicating NO binding to the high-spin heme. The NO bound state of the fully reduced protein
is unstable and regenerates the fully reduced state of the protein in the presence of excess
reductant in the solution. The addition of excess NO oxidizes the protein to the same state as
observed for the half-reduced protein plus NO in Figure 6A. The reoxidation process is
dependent upon the amount of excess reductant (dithionite) and NO concentration in the
reaction mixture. The addition of excess CO or NO,™ to the reduced sample resulted in no
significant change, indicating that cyt css4 does not bind CO or NO5™ in the fully reduced state
of the protein.

Kinetics of NO Reduction

The rate of NO reduction by fully reduced cyt cs54 Wwas measured under single turnover

conditions. A 1.5-mL portion of 1.85 uM cyt c554 Sample was titrated with dithionite to ensure
complete reduction without a large excess of reductant in the solution. To the resulting solution,
100 uL of a saturated NO solution (~2 mM at 20 °C) was added to give a final concentration
of approximately 125 xM NO in the cuvette. The change in the intensity of absorption band at
the 554 nm band were followed at 0.5 s intervals (see Figure S4). The time trace of the 554 nm
band minus the absorption at 750 nm (baseline) is shown in the inset. From the optical data of
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Figure 6 and previous studies,> the extinction of the band at 554 nm is mainly dependent on
the oxidation state of the three low-spin hemes, thus the band represent 3 equivalents of
electrons. The time trace appears to be composed of a fast and a slow oxidation process. We
suspect that the fast process is the oxidation of the two low potential hemes (heme 3 and 4),
and the slower process is oxidation of heme 1. We assume that the NO concentration used in
our experiments is sufficiently high to attain a maximum reaction rate and calculate V5 from
the initial slope using an average extinction of 23 mM~1 cm™1 per heme for the oxidation of
two lowest potential hemes.52 This gives a turnover number for NO reduction of 16 s~1. This
rate represents a lower bound, since its detection is limited by the minimum cycle time of the
spectrophotometer (0.5 s) and the mixing time of NO in solution.

We have also attempted to measure the rate of multiple turnover reduction of NO by catalytic
amounts of cyt cs54 monitoring the loss of the reducing substrate, dithionite, at 315 nm. This
band decreased significantly faster in the presence of cyt cgs4, indicating catalysis of NO
reduction by the protein. However, this measurement was complicated by the direct reaction
between dithionite and NO. We have not yet been able to develop a better assay because of the
reactivity of possible reductants with NO. In attempts to find a suitable reductant, cyt cgsg
could not be reduced with NADH, malic, or glutamic acids, all of which have reduction
potentials lower than the two highest potential hemes (+47 mV) of cyt cgg4. Another possibility
would be to use hydrazine/HAO as the electron source, however, HAO also has a significant
interaction with NO.42:53

Measurement of Intermolecular Electron Transfer in cyt Cggy

The intermolecular electron-transfer rates of cyt css4 was studied by mixing 200 uL of the
photoreduced sample with 100 xL of oxidized sample cyt css4 at the same concentration. This
mixing ratio was chosen to generate a final protein mixture with 2 reducing equivalents. The
samples were frozen at various times and the changes in the EPR signal intensities were
monitored after scaling for protein concentration (not shown). The reduction potential of
photoactivated riboflavin is =230 mV,>* and will reduce 3 of the hemes (two +47 mV, —147
mV) of cyt cs54. The EPR spectra of a photoreduced sample showed only a broad signal at g
= 3.6 from the oxidized heme 4 of cyt css4. Thus, hemes 1, 2, and 3 are reduced in this sample.
The spectra of the mixed sample showed signals different from the simple sum of the two
samples. The EPR spectrum recorded after one minute incubation of the mixed sample at room
temperature under argon shows significant reduction in the oxidized signals and appearance
of new signal from oxidized heme 3 (g = 3.24). After another one minute of incubation at room
temperature under argon, the oxidized signal intensities reduce to less than 10% of the original
oxidized sample and the EPR signals typical of the half-reduced state of the protein becomes
prominent. Additional incubation at room-temperature did not show any signal change. The
results indicate that intermolecular electron transfer occurs on a time scale of one minute, or
an approximate rate of 0.01 s71.

Discussion

Cyt cs54 is kinetically competent to accept electrons from HAO during the oxidation of
hydroxylamine in keeping with its proposed function in electron transfer for the oxidation of
ammonia to nitrite.2% Although one heme is 5-coordinate, no evidence previously indicated
that this heme would bind ligands, except for the slow reaction of ferrous cyt cs54 with O, and
H>0,. In our previous work, we concluded that cyt cs54 would not bind the ligands CN—, CO,
NO, and F—.32 Considering the possibility that cyt cs54 may bind NO in the reduced state, in
this previous work, we reduced samples with an excess of dithionite and then added NO gas
under anaerobic conditions. The EPR spectra of those samples before and after NO addition
showed no significant changes. We now understand that in the presence of excess reductant,
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the NO was consumed during the preparation of those samples, resulting in the reduced protein
state without NO bound, and thus no change to the observed spectrum.

The results presented here under limiting reductant conditions indicate that cyt css4 binds NO
to heme 2 only in the ferrous state and that the binding is highly selective for NO. The common
heme binding ligands CN™ and NO do not bind ferric cyt cgs4 in the oxidized state, and CO
and nitrite will not bind in the ferrous state. Previous studies have shown that dioxygen will
react with reduced cyt css4 °® Importantly, this selection of ligands indicates a substrate
specificity favoring a bent mode of ligand coordination to the iron. In general, the ligands of
Fe(ICO, Fe(lIN)CN, and Fe(I11)NO heme complexes bind in a linear conformation, whereas
the ligands of Fe(I1)NO and Fe(I11)O, complexes adopt a bent conformation.>6-58 A partial
understanding of the specificity comes from the crystal structure that shows, for both the
oxidized and reduced protein, the vacant sixth coordination site of heme 2 is shielded by three
hydrophobic residues. Apparently, the steric constraints imposed by these residues do not allow
binding of larger molecules, including the substrates of HAO, hydroxylamine or hydrazine,
which do not react with cyt cs54. However, it is not yet clear which structural aspects impose
the more strict specificity observed for the smaller molecules.

We show here the first evidence that cyt cs54 has NO reductase activity. In the presence of
excess NO, ferrous cyt css4 is oxidized to a state in which the three 6-coordinate hemes are
ferric, and the enzymatic site (heme 2) remains ferrous with NO bound. The single turnover
kinetic measurements indicate that the rate of the reduction of NO by cyt cs54 (>16 s71) is of
the same order of magnitude reported for the nitric oxide reductases (NOR) isolated from
Paracoccus denitrificans (10-50 s™1), E. coli (15 s71), and Pseudomonas stutzeri (<2 s71).
59-62 |n multiple turnover reactions, cyt css4 catalytically reduces NO. The spectroscopic data
indicate that this reaction proceeds until the depletion of either the reductant or NO. The rate
of reduction of NO is nearly 100-fold faster in comparison to O, indicating specificity toward
the reaction with NO. These results suggests a possible new function for cyt cs54 as an NO
reductase.

Reduction of NO by half-reduced cyt css4 is observed here in the presence of excess NO.
Samples of the half-reduced state in the presence of no greater than approximately
stoichiometric amounts of NO are stable; i.e., in the absence of an excess of NO, heme 2 binds
NO without oxidation of heme 1. This suggests a mechanism of NO reduction involving a
bimolecular reaction between the NO bound intermediate species and free NO in the solution
resulting in the production of N»O. In cyt P450nor, the spontaneous decomposition of the
intermediate Fe(11)-NO state has been reported to be extremely slow (0.027 s71), compare to
the fast turnover (1200 s™1) of the catalytic reaction in the presence of excess of free NO in the
solution, providing precedent for a bimolecular mechanism of NO reduction.63

Physiological Significance of NO Binding and Reduction

NO is produced in Nitrosomonas by a periplasmic copper-containing nitrite reductase (NiR),
using nitrite as a terminal electron acceptor under limiting oxygen conditions. Since the
diversion of electrons to nitrite- and nitric oxide reductases from the electrochemical gradient-
producing cytochrome aaz oxidase decreases energy yield, NO is not produced aerobically. It
is possible that NO is also produced by premature release from HAO when the limiting oxygen
concentration decreases the steady-state flux of electron removal from HAO and therefore
poises the hemes of the enzyme at a lower potential. A recent report suggested that cellular
concentration of hydroxylamine in N. europaea is approximately 0.8 M.%4 If so, NO production
observed in the present work with excess of hydroxylamine may possibly be the case in vivo.
Under anaerobic conditions, cells must deal with the potential toxicity of NO. The formation
of the heme 2 ferrous-NO complex of cyt cs54 may prevent the flux of electron transfer from
HAO, and thus ultimately prevent NO production by putting the cell into a dormant state.
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Alternatively, 2 of the 4 electrons derived from the oxidation of a molecule of hydroxylamine
to nitrite, are used for the oxidation of ammonia to hydroxylamine and the remaining two
electron equivalents can reduce nitrite to NO (by nitrite reductase) and NO to N,O (by NO
reductase and/or cyt cs54). Such an NOR reductase may serve to the protect the bacteria from
the toxic effects of NO. A similar detoxifying function has been reported for pentaheme
periplasmic cyt ¢ nitrite reductase from E. coli, type Il cyt ¢’, and cyt p450nor.63:65-67 Recent
studies suggest that NO regulates the growth pattern and metabolic pathways of N.
europaea, possibly interacting with an as yet unknown target protein in the cell, and altering
metabolic pathways.? Binding of NO to cyt cs54, as observed in the present work, may influence
the electron-transfer process from HAO to membrane bound cyt cys5231:%8 which in turn can
affect ammonia metabolism in N. europaea.

In our previous work, we noted that the hydroxylamine/HAO reduction of cyt cgs4 results in
a different state of cyt css4 than for hydrazine/HAO reduction.3? It is now clear that the
differences are due to intermediate products in the oxidation of hydroxylamine by HAO. In
the titration of cyt cgg4 With hydroxylamine in the presence of catalytic amounts of HAO (HAO/
cyt cs54 = 0.05), a significant amount of NO is detected at heme 2 of cyt c554 for samples
containing 0.6 equivalents or greater of hydroxylamine. Whereas for an HAO/cyt c5sy4 ratio of
1, 12 equivalents of hydroxylamine were required to detect the NO bound species. The
differences in these two titrations can be rationalized by the limitations in the rates of electron
transfer relative to the rate of substrate oxidation by HAO. For low ratios of HAO/cyt cgg4, the
transfer of electrons to cyt cgg4 is limited by the availability of binding sites to HAO, and the
rate of intermolecular electron transfer between cyt cs54. The measurements of the
intermolecular electron transfer between cyt csg4 indicate a slow transfer rate (0.01 s1) relative
to the catalytic turnover rate of HAO (30 s71). The inefficient donation of electrons out of HAO
results in increased amounts of intermediate product formation as detected by binding of NO
to cyt cgs4. For the 1:1 ratio of HAO/cyt cs54, the transfer of electrons to cyt cssy is efficient.
The NO intermediates generated by HAO are now more efficiently consumed by cyt css4, thus
NO detectable species are only observable with higher amount of substrate.

In recent work, Pacheco and co-workers have detected an one-electron oxidation event of a c-
heme in HAO within 10 ms of the reaction between partially reduced HAO and NO.53 This
event was NO dependent and thus associated with the reduction of [FeNO]® at the active site
heme of HAO. The fate of the product [FeNO]’ species at longer times is unclear. The
byproduct of the HAO hydroxylamine reaction may be HNO/NO— or NO. We detect an
[FeNO]’ species in cyt cs54 Which could be formed from either HNO/NO- or from NO with
electron transfer through HAO. Since the time scales of our reactions are significantly longer
than 10 ms, a direct comparison of results is not possible.

We have shown that cyt cgs4 binds NO and reduces it at a rate comparable to other known NO
reductase. This is the first evidence that cyt cgs4 can function as an enzyme. This process may
have an important role in regulating the free NO concentration in N. europaea. Alternatively,
since cyt Css4 is an important electron transfer protein in the oxidation pathway, binding of NO
to this protein may significantly affect the respiratory electron transport chain in the bacteria.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Massbauer spectra of (A) hydrazine/HAO reduced and (B) hydroxylamine/HAO reduced 1.7
mM cyt Cs54, temperature 4.2 K, in absence of an applied magnetic field. The brackets labeled
Ir and llg mark the doublets arising from ferrous low-spin heme 1 and ferrous high-spin heme
2. The spectrum in (C) is the difference B—-A. The solid lines are fits (see text for parameters),
all using line widths of 0.32 mm/s.
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Figure 2.

X-band EPR spectra of (A) hydrazine/HAOQ reduced 1.5 mM cyt css4, and (C) hydroxylamine/
HAO reduced cyt css4. Experimental conditions: temperature 15 K, frequency 9.62 GHz,
power 0.2 mW. (B) Quantitative simulation for two noninteracting low-spin (S = 1/2) hemes:
heme 3 (g; =1.1, 2.06, 3.24), heme 4 (g, = 0.6, 2.04, 3.6). (D) Quantitative simulation for low-
spin heme 3. (E) Quantitative simulation for two exchange-coupled low-spin hemes (S; = S,
= 1/2). Parameters: g1 = (2.11, 2.07, 1.92), g, = (0.65, 2.1, 3.6), J = (0.49, 0.43, 0.36) cm ™1,
o3 =0.03 cm™, coordinate rotation (o = 45°, § = 180°, y = 135°).
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Figure 3.

Q-band EPR spectra of the samples of Figure 2. (A) hydrazine/HAO and (C) hydroxylamine/
HAO reduced cyt css4. Experimental conditions: temperature 10 K; frequency 34.0 GHz,
power 5 pW. The dashed lines are quantitative simulations using the same parameters as that
of Figure 2.
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Figure 4.

X-band EPR spectra of half-reduced 2 mM cyt cs54 and with NO. (A) Electrochemically poised
at —50 mV. (B) After addition of approximately one equivalent of NO to the sample of (A).
(C) After addition of another equivalent of NO to the sample of (B). Experimental conditions:
temperature 15 K, frequency 9.62 GHz, power 0.2 mW.
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Figure 5.

480

600

Selected perpendicular (solid) and parallel (dashed) mode X-band EPR spectra of
hydroxylamine titrations of cyt css4 with HAO. (A) 0.5 mM cyt c554 containing 25 ©M HAO.
(B) Sample A plus 0.4 mM hydroxylamine. (C) 0.8 mM cyt css4 containing 0.8 mM HAO. (D)
Sample C plus 10 mM hydroxylamine. (E) spectrum D minus a spectrum of hydroxylamine
reduced HAO. All spectra displayed on the same concentration scale, except B and E are
magnified by 2. Experimental conditions: temperature 15 K (B;LB), 2K (B41IB), frequency

9.62 GHz (B1L B), 9.24 GHz (B;1IB), power 0.2 mW.
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Optical spectra showing the effect of NO addition to cyt c5s4. (A) oxidized (solid line), half-
reduced (dotted line), half-reduced + NO (dashed line); (B) oxidized (solid line), fully reduced
(dotted line), fully reduced + NO (dashed line).
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